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Abstract
Nucleotide sequences reference collections or databases are fundamental components in DNA barcoding and metabarcoding data analyses
pipelines. In such analyses, the accurate taxonomic assignment is a crucial aspect, relying directly on the availability of comprehensive and
curated reference sequence collection and its taxonomy information. The currently wide use of the mitochondrial cytochrome oxidase subunit-I
(COXI) as a standard DNA barcode marker in metazoan biodiversity studies highlights the need to shed light on the availability of the related
relevant information from different data sources and their eventual integration. To adequately address data integration process, many aspects
should be markedly considered starting from DNA sequence curation followed by taxonomy alignment with solid reference backbone and
metadata harmonization according to universal standards. Here, we present MetaCOXI, an integrated collection of curated metazoan COXI
DNA sequences with their associated harmonized taxonomy and metadata. This collection was built on the two most extensive available data
resources, namely the European Nucleotide Archive (ENA) and the Barcode of Life Data System (BOLD). The current release contains more than
5.6million entries (39.1%unique to BOLD, 3.6%unique to ENA, and 57.2% shared between both), their related taxonomic classification based on
NCBI reference taxonomy, and their available main metadata relevant to environmental DNA studies, such as geographical coordinates, sampling
country and host species. MetaCOXI is available in standard universal formats (‘fasta’ for sequences & ‘tsv’ for taxonomy and metadata), which
can be easily incorporated in standard or specific DNA barcoding and/or metabarcoding data analysis pipelines.

Database URL: https://github.com/bachob5/MetaCOXI

Introduction
A critical aspect of environmental DNA (eDNA) research
is the capacity to collectively characterize the genetic mate-
rial (intracellular or extracellular) of a variety of living or
even dead organisms (e.g. ancient eDNA) in a given sam-
ple at taxonomic and functional levels (1–3). The use of
such an approach is currently spanned over different scientific
disciplines, including biodiversity monitoring programmes,
ecosystem services conservation and recovery, environmen-
tal health and biomedical research (4, 5). eDNA is the core
object of a common DNA metabarcoding experiment aim-
ing at the massive reading of a DNA barcode marker using
high-throughput sequencing (HTS) technologies that enables
to explore the taxonomic diversity in an environment/habitat
of interest (i.e. terrestrial and aquatic) mostly at species
level (6, 7). In animals’ DNA barcoding and metabarcod-
ing studies, a fragment, usually the standard Folmer locus,
of the cytochrome oxidase subunit-I (COXI) mitochondrial
gene is typically sequenced and subsequently assigned to a

known taxon (8–12). Indeed, a fundamental requisite to
reach confident assignment results is the availability of a
comprehensive and curated reference sequence and taxonomy
database (12). In this context, recent studies highlight signif-
icant gaps of representative sequences for some taxa in DNA
databases due to the lack of data integration efforts limiting
the study outcomes and their eventual interpretation (13, 14).
Enhancing the comprehensiveness of such databases would be
among the solutions to fill those gaps in many environmental
ecosystem research contexts (e.g. sea water) even at different
gradients or habitats (14).

The most used public resources of animals’ COXI
sequences are the Barcode of Life Data System (BOLD) (15)
and the primary molecular data resources, such as the Euro-
pean Nucleotide Archive (ENA) (16). ENA dump data are
open-source, easily retrievable and structured in flat files for-
mat. BOLD, instead, contains well-represented and curated
sets of COXI sequences, including private subsets. In addition
to these two data resources, few are the existing specialized
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Figure 1. Schematic representation of the bioinformatics workflow used to build MetaCOXI. The whole process was implemented and executed in
Linux environment using bash shell commands in combination with custom python scripts to parse the intermediate results. ENA raw sequences were
filtered according to their lengths. hmmsearch application was used to search the translated DNA sequences against COXI HMM PFAM reference
profile. All matches satisfying the TC threshold were selected. The sequences were further validated using blastn to exclude bacterial, plants and
Archaea sequences. Taxonomical classification of all entries was aligned to NCBI reference taxonomy. The final COXI sequences and their associated
harmonized taxonomy paths and metadata are provided in ‘fasta’ and ‘tsv’ formats, respectively. Yellow color indicates filtering parameters. Green color
denotes processing steps. Dashed red arrows illustrate the returning results from reference databases.

and curated COXI sequences collections, which are essen-
tially based on GenBank (NCBI) data. The first example
is Zeale, representing a short fragment (157 bp) of COXI
gene sequences belonging to the phylum Arthropoda (17).
Midori (18) is another example of mitochondrial genes
datasets, including COXI. It is also based only on nucleotide-
NCBI (nt) sequences considering mainly the feature table
annotations of the entries’ flat files. Besides, database builders,
such as CO-Arbitrator (19), were also exploited to generate
curated COXI datasets, according to accurate quality parame-
ters, by collecting random sequences from BOLD to query nt-
NCBI. Finally, a recently published pipeline, called MARES
(20), describes an integration protocol of taxonomy and
sequence data from both BOLD and NCBI following a tax-
onomic quality assessment. However, the procedure focuses
only on sequence records belonging to marine ecosystem.

To our knowledge, except MARES, none of the existing
resources adopts a sequence data, taxonomy and metadata
integration from different data sources with the aim to create a
harmonized COXI database or collection. In this perspective,
the exponential growth of molecular biodiversity data under-
lines the urgent need to address taxonomy harmonization
issue (i.e. using permanent taxids) across nucleotide reference
databases. In addition, harmonization should also include

metadata by adopting universal data standards, able to effi-
ciently associate sequence entries to their environmental con-
text (21–24). This would enhance the comprehensiveness and
the alignment of such datasets, crucial for DNA barcoding,
metabarcoding and eDNA data analyses in general.

In this study, we present MetaCOXI, an integrated col-
lection of Metazoan COXI DNA sequences originated from
both ENA and BOLD data entries, generated following an
internal data processing workflow, which applies sequence
quality assessment, removes entries redundancy, and provides
a harmonized taxonomic classification, according to NCBI
reference backbone (25) at the main seven levels, with nine
associated metadata (mainly relevant to environmental DNA
research).

Materials and methods
Data sources
To create the present collection, public data entries of
BOLD and ENA were exploited. BOLD data (http://www.
boldsystems.org/) corresponding to the COXI DNA barcode
marker of animals, tagged as ‘COI-5P’, were downloaded
(April 2020) in ‘tsv’ format through an Application Program-
ming Interface (API). ENA animals’ divisions (vertebrate,
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Table 1. Number of entries in MetaCOXI related to their source DB: BOLD,
ENA or both

MetaCOXI BOLD unique ENA unique
BOLD and
ENA

5608 848 2195 176
(39.13%)

201719
(3.59%)

3 211 953
(57.26%)

invertebrate, mouse, human and mammals) belonging to the
standard release 142 were retrieved (April 2020) in flat files
format using ‘wget’ application with file transfer protocol
(http://ftp.ebi.ac.uk/pub/databases/ena/sequence/release/std/).

Data processing
BOLD and ENA DNA sequences were analyzed according to
the data processing workflow illustrated in Figure 1 (code
available at: MetaCOXI_pipeline.sh). In order to exclude
very short sequences, nuclear genomes and genomic scaf-
folds, only sequence lengths ranging from 100 bp to 60 kbp
were considered (the latter being the approximate length of
the longest mitochondrial genome reported to date (26)). The
selected short fragments (less than 500 bp) would poten-
tially benefit the experiments based on DNA mini-barcodes
(27, 28) or on reads of typical HTS outputs (29). To avoid
the presence of stop codons and to increase the accuracy of

matching with the reference COXI profile, all DNA sequences
were translated into amino acids, with a custom python
script (newTranslator_CExtract.py), using their correspond-
ing mitochondrial genetic code (retrieved from NCBI tax-
onomy dump files: https://www.ncbi.nlm.nih.gov/taxonomy)
and all six open reading frames. The translated sequences
were then searched against the reference Hidden Markov
Model (HMM) COXI PFAM profile (30) by means of hmm-
search application (HMMER3.3 package (31)). All matches
that satisfied the COXI HMM profile-specific trusted cutoff
(profile internal TC=34) parameter, also known as ‘cut_tc’,
were considered true positives. According to HMMER user
guide, the TC threshold is generally considered the lowest
score known to be true positive (match score above TC thresh-
old in HMM space) that is above all known false positives.
Being pre-curated, BOLD entries that passed the TC thresh-
old were fully retained. Analogously, the feature table of
ENA true-positive entries flat files was parsed (custom python
script: compare_GB_PFAM_annotations_2.py) to get ‘gene’
and ‘product’ features labels and the relative ‘CDS’ (Coding
Sequence) positions. Only sequences sharing at least 80% of
ENA CDS sites with COXI HMM profile localization were
kept and the CDS location was maintained. This compari-
son allowed also to collect all ‘gene’ or ‘product’ labels that
might be considered potential COXI gene name synonyms
The selected COXI sequences were further validated, using
blastn algorithm (32), to exclude potential matches with bac-
terial, plants and Archaea sequences of NCBI blast database.

Figure 2. Lengths distribution of MetaCOXI sequences ranging from 100 to 3020 bp. The most frequent sequence length is 658 bp represented by
1 573 982 sequences.
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Additional sequence rejection criteria regarded the presence
of pseudogene tags in the feature table of ENA entries as
well as the occurrence of more than five internal ambiguous
nucleotide (‘N’) bases after terminal ‘Ns’ trimming.

Data integration and harmonization
To create the integrated collection, the final selected entries
of both data sources were combined and subsequently
dereplicated according to their related accession numbers.
BOLD records without accession numbers were labeled
with their provided process ID. Taxonomy path labeling
was harmonized for all entries according to NCBI taxon-
omy reference by retrieving the taxonomy id (taxid) asso-
ciated with the ENA accession number (https://ftp.ncbi.
nih.gov/pub/taxonomy/accession2taxid/) and its correspond-
ing taxonomic classification at the main seven levels: king-
dom, phylum, class, order, family, genus and species. A
necessary update was performed on some BOLD entries where
according to NCBI backbone a different taxonomy path, most
probably due to recent names change, was still reported. Fur-
thermore, BOLD entries lacking associated ENA accession
numbers (BOLD’s exclusive entries) were updated by report-
ing the classification of the lowest rank taxon name present in
their taxonomy path (i.e. species, genus, order, etc.). Finally,
taxon names not found in the reference taxonomy were kept
unchanged and their taxids were labeled as ‘NA’. Many rea-
sons are behind missing taxonomic names in NCBI taxonomy
such as a recent update of the taxon lineage or the absence of
the specific rank’s name (e.g. unknown or unreported phylum
name for a given species). In addition to the taxonomy, the
available associated metadata were collected from ENA flat
files feature table and from the raw BOLD data files. These
consisted of (i) the final sequence length, (ii) the mitochondrial
genetic code, (iii) the sampling country name, (iv) sampling
country address, (v) host species, (vi) collection year, (vii)
collection complete date, (viii) geographical coordinates (har-
monized in decimal degrees—DD format) and (ix) the web
permanent link to the source database entry.

Results
The current release of MetaCOXI includes 5 608 848 curated
COXI sequences freely available in ‘fasta’ format (‘Meta-
COXI_Seqs.tar.gz’). As shown in Table 1, approximately 57%
of the entries originated from both databases, while 39%
were unique to BOLD and 3.6% to ENA. Out of 5 421 628
retrieved BOLD entries only 7432 did not satisfy the TC
threshold. This indicates that the approach of using the COXI
profile-specific cutoff threshold had an additional conserva-
tive effect, which increased the accuracy of determining a true
positive match by 0.14%. Apart from those not satisfying the
applied TC threshold, additional investigation revealed that
some of the rejected BOLD entries (916) presented one or
more internal stop codons in their amino acid sequences. Such
assessment was not possible to conduct on ENA sequences as
their identity of coding for COXI gene was inferred through
the present analyses. Importantly, according to the feature
tables of selected ENA entries, a total of 160 potential COXI
‘gene’ or ‘product’ names synonyms were collected (Supple-
mentary Table S1). These would be useful not only for future
automation of COXI data retrieval but also to maximize the

returning results of real available data of this gene when using
the public API of ENA and/or NCBI primary databases.

MetaCOXI sequences length distribution ranged from 100
to 3020 bp (Figure 2), where 658 bp, the known length of
the standard DNA barcode region in animals (8), is the most
frequent and represented bymore than 1.5million (1 573 982)
sequences.

Regarding taxonomy, the collection contains sequences
of 743 716 scientific species names, which were labeled
following the alignment of NCBI and BOLD taxonomies.
These correspond to 52 250 genera, 5123 families, 617
orders, 100 classes and 31 phyla. All taxa names and
their taxids are provided in ‘tsv’ format file (‘Meta-
COXI_Taxonomy_Metadata.tar.gz’). In terms of species num-
ber, the most represented phyla (Table 2) are Arthropoda
(88.6%) followed by Chordata (5.36%), Mollusca (2.56%)
and Annelida (1.10%). Insecta and Arachnida are the most
represented classes for Arthropods by 76.6% and 6.9%,
respectively, while Actinopteri (3.14%) included the highest
species number in Chordata, Gastropoda (2.01%) in Mol-
lusca and Polychaeta (0.57%) in Annelida (additional details
for all classes are available in Supplementary Table S2).

Taxonomy harmonization implied the update of more
than 1.9 million (1,958,146) BOLD records where at
least one taxon name has been changed/updated when
compared to NCBI taxonomy (refer to the file ‘Updated-
BOLD_Taxonomy.tsv.tar.gz’). As for metadata, the sam-
pling ‘country’ name was found for 5 031 581 records, geo-
graphical coordinates for 4 348 624 and host species for
146 906 (an example of metadata file is available at: ‘Sam-
ple_Metadata.tsv’).

Conclusion and future directions
As molecular biodiversity studies are increasingly gaining
attentions, their associated data are growing at considerable
levels. The present study describes and provides a valuable
COXI DNA sequences-integrated collection resource, Meta-
COXI, characterized by harmonized taxonomy andmetadata.
Upon building this collection, several fundamental aspects
and urgent initiatives were highlighted, including the need to
use harmonized and standardized taxonomy and metadata,
such as adopting permanent, aligned and global taxids to
represent taxonomic classifications. As MetaCOXI is deliv-
ered in standard formats (‘fasta’ for sequences and ‘tsv’ for
taxonomy and metadata), it can be easily adapted to any
DNA barcoding or metabarcoding experiment involving the
mitochondrial COXI gene. For instance, the end user can
easily extract the sequences of specific lengths (e.g. longer
than 500 bp) or the data belonging to the lineages of his
interest (e.g. specific natural ecosystem). In this context, the
collection can be readily exploited in standard or specific
data analysis pipelines as it is compatible with the data types
requested by several algorithms used in DNA barcoding and
metabarcoding such as Usearch or Uclust (33), Blast (32)
or others. Although MetaCOXI respects all FAIR (24) data
principles being easily findable, freely accessible, interoper-
able and reusable, these aspects will be further improved
and complemented by the development of a user-friendly web
interface and an API, which are planned for the next releases.
Moreover, the core pipeline of MetaCOXI is in continuous
growth and optimization where further implementations will
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include the release of a dereplicated version with additional
standard formats as required by many DNA metabarcoding
data analysis pipelines. The collection will be updated at 6
months-based intervals following the availability of new ENA
standard releases.

Supplementary data
Supplementary data are available at Database Online.
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